Abstract-The sophistication and success of recently reported microfabricated organs-on-chips and human organ constructs have made it possible to design scaled and interconnected organ systems that may significantly augment the current drug development pipeline and lead to advances in systems biology. Physiologically realistic live microHuman (μHu) and milliHuman (mHu) systems operating for weeks to months present exciting and important engineering challenges such as determining the appropriate size for each organ to ensure appropriate relative organ functional activity, achieving appropriate cell density, providing the requisite universal perfusion media, sensing the breadth of physiological responses, and maintaining stable control of the entire system, while maintaining fluid scaling that consists of ∼5 mL for the mHu and ∼5 μL for the μHu. We believe that successful mHu and μHu systems for drug development and systems biology will require low-volume microdevices that support chemical signaling, microfabricated pumps, valves and microformulators, automated optical microscopy, electrochemical sensors for rapid metabolic assessment, ion mobility-mass spectrometry for real-time molecular analysis, advanced bioinformatics, and machine learning algorithms for automated model inference and integrated electronic control. Toward this goal, we are building functional prototype components and are working toward top-down system integration.
I. INTRODUCTION

I
NTEREST is rapidly growing in using microfabricated human organs-on-chips (OoCs) and tissue-engineered human organ constructs (HoCs) to complement the cell-culture/animal/ human tests comprising the current drug development pipeline [1] . While there are a number of individual OoCs/HoCs as described in recent reviews [2] - [4] , only limited reports describe coupled organs [5] , [6] . The study of how multiple organs affect drug efficacy and toxicity requires the interconnection of many OoCs/HoCs to create physiologically realistic microHuman (μHu) and milliHuman (mHu) systems that can operate stably for weeks (see Fig. 1 ). This presents a remarkable series of engineering challenges, which if met could revolutionize drug discovery and systems biology.
While there are numerous individual challenges associated with the development of individual organs (e.g., bone marrow, brain, gastrointestinal system, heart, kidney, liver, lung, lymph node, pancreas, skeletal muscle, skin, testes, ovary, uterus, etc.), it is important to recognize that there are two complementary approaches when developing OoC systems. Bottom-up begins with a detailed specification of each organ, progresses to combine them into coupled systems (e.g., heart-lung and intestineliver), and continues adding organs to create more complex models. Top-down considers the abstract, system-level architecture [7] of a human and then breaks the system down into the functionality of compositional organ systems (e.g., scaling, blood surrogate, interconnections, sensing, and control). The descriptive scale and interconnections are successively refined until the baseline specifications are defined. Both approaches are needed and ideally will be complementary. We now address these challenges from a top-down perspective.
II. ENGINEERING CHALLENGES
As summarized by the partial list in Table I , the challenges in developing useful coupled OoC/HoC systems span a breadth of engineering, biological, and medical disciplines. These challenges range from fundamental issues of organ scaling to obtaining analytical measurements in very small volumes, and include modeling, control, and cost.
A. Determining the Proper Size of Each Organ
The coupled OoC programs funded by the Food and Drug Administration (FDA) [8] , the Defense Advanced Research Projects Agency (DARPA) [9] , the National Institutes of Health (NIH) [10] , and the Defense Threat Reduction Agency (DTRA) [11] aim to develop miniature, coupled organoid systems that utilize human cells to measure drug efficacy, toxicity, and interorgan interactions, and possibly study the effects of maliciously engineered pathogens. Hence, the success of these projects is contingent on constructing organ models that have the correct relative sizes and vascular volumes, lest drug metabolites from one organ are presented to other organs in unrealistically high or low concentrations. For instance, if a 0.1 μLung [12] were coupled to a mLiver [13] , the mLiver might not respond significantly to drugs or toxins delivered through or metabolized by the μLung, e.g., the conversion of angiotensin I into angiotensin II. To design and achieve organ systems representing the appropriate fraction of an adult human is a major systems engineering challenge.
In contrast to the various animals used in conventional pharmacokinetics and pharmacodynamics (PKPD) studies, whose relative organ sizes have evolved in a self-consistent manner over eons, the relative size of organs for a coupled HoC/OoC system is at the discretion of the systems integrator. This flexibility has important implications for the assessment of the effects of drugs and toxins on system physiology, and may also provide an opportunity for creating model systems that are better matched to human physiology of various ages or disease states than are smaller mammals.
There is vast literature on allometric scaling of organs as a function of body mass from the shrew to the whale [14] - [18] . While an animal's mass M increases as linear dimension L 3 , structural issues require that the cross-sectional area of the bones increase out of linear proportion [15] , [16] . Quantities such as liver mass are found to be proportional to the body mass raised to a power, termed the allometric coefficient. [19] . Table III shows allometric scaling of organ mass with body mass using published primate scaling laws [14] , where the organ weight
, where M b is the body weight in kilograms. Examination of the rightmost column, which shows the ratio of 1000 times the mHu organ mass, i.e., 1000× m H u M o , to that of the adult human, 1.0× H u M o , demonstrates that because of the extrapolation over three orders of magnitude in mass and the differing allometric coefficients for each organ, it is not possible to use allometric scaling to construct a mHu that has the same relative proportions as an adult human-the discrepancy between organ sizes ranges from a factor of 0.4 to 10. The situation is even worse in scaling metabolic rates and blood circulation time, with allometric coefficients of 0.75 and 0.25, so that were one to use a simple allometric scaling approach in building a mHu, one might create a system that was representative of a mouse, with a heart rate of ∼500 beats per minute (bpm) and the appropriate metabolic rates, rather than a mHu, with a heart rate of ∼70 bpm. Furthermore, there is no universal agreement as to whether relative organ sizes should be normalized by mass, surface area, volumetric flow [20] , or other principles [21] , and one should not expect to find a consistent set of allometric coefficients that would allow one to predict the correct value of various organ parameters. As organs are made smaller, scaling will ultimately fail, since individual cells have a fixed size and appear at low density (three leukocytes per microliter of cerebral spinal fluid, and a ventricular myocardium must be at least one cell thick).
The pharmaceutical industry has found it more appropriate to use physiology-based scaling rather than simple allometric scaling [22] - [24] as it extrapolates data from well-plates and cellculture dishes in the calculation, for example, of the first dose to primates or humans [25] . Simple scaling of drug doses by body weight alone is convenient but can be misleading, particularly if clearance, volume of distribution, and enzyme kinetics are not considered properly in the extrapolation [26] - [29] . It will be necessary to ensure that the mHu-to-Hu extrapolation includes differences in protein binding, drug transport, metabolism, and biliary and urinary excretion between the engineered mHu and adult Hu tissues [30] , and also how these factors are affected by missing organs. The delivery of some drugs may be permeability limited, whereas for others flow may be the limiting factor, such that both the circulatory and permeability properties [31] of the mHu HoC/OoC system must be considered relative to the intact Hu.
Hence, we believe that the correct approach for determining the size of an organ is to choose the size that provides the appropriate relative organ functional activity, e.g., heart: volume pumped; lung: gas exchanged; liver: metabolism; kidney: molecular filtering and transport; brain: blood-brain barrier function and synapse formation. It is critical to specify the relevant functions that are to be modeled, determine the efficiency with which each function can be realized in an OoC/HoC, and then construct OoCs/HoCs with the physical dimensions that support the desired functional performance. An OoC/HoC system should reflect a small fraction of an adult human, and, in the words of D. E. Ingber (personal communication), "create living histological sections of an adult human." A combination of device design, attention to physiological details, measured enzyme kinetics, computational models, and confirmatory experiments will be required to specify the physical dimensions of OoCs/HoCs that will accomplish this.
B. Fluidic Control of Milliliter and Microliter Volumes
Just as the organs need to be scaled functionally, so must be the blood volume. Given that the average blood volume of an adult human (1 Hu) is ∼5 L, the blood volume of a mHu and μHu should be ∼5 mL and ∼5 μL, respectively. The volume of circulating blood surrogate must match organ size to avoid unphysiological dilution of metabolites, hormones, and paracrine signals to the point that each organ operates independent of the other organs. This presents a variety of challenges, in that the small volumes required for mHu and μHu systems for drug development and systems biology place severe constraints on many systems components. Highly instrumented bioreactors will need to support tissue-density cells [32] in a manner that enables paracrine and endocrine signaling [33] . This in turn requires low-volume pumps [34] and miniature valves, all at low cost, and compact and affordable support hardware to allow massively parallel experiments over weeks to months.
These strict requirements place severe fabrication constraints on not only the organs but the larger systems that interconnect, sense, and control their function, as illustrated in Fig. 2 . Conventional commercially available syringe and peristaltic pumps have dead volumes that are orders of magnitude larger than the total blood volume of 1.0 μHu or even 10.0 μHu. Hence, there are significant challenges for microfluidic engineers to develop pumps, valves, bubble traps, and interconnects, as well as pressure, flow, and osmolarity sensors with small dead volume, all appropriately scaled to coupled OoCs/HoCs, that do not bind drugs, and that are cheap enough for massive parallelization and high-content screening (HCS). There is progress in meeting these challenges [34] but there is much work to be done in this remarkable creative opportunity. 
C. Analytical Chemistry in Microliter and Nanoliter Volumes and Comprehensive Molecular Characterization in Real Time
The study of cellular and system-level physiology is an advanced science that benefits from an armamentarium of analytical instruments, techniques, and measurement protocols. While it may be possible to construct mHu and μHu systems with minimal instrumentation, the need to quantify the PKPD of the integrated OoCs/HoCs with the aforementioned volume constraint severely affects the design of the analytical approaches to characterize organ function and drug response. In contrast to a typical hypothesis-testing biological experiment where a small number of variables are measured dynamically and only a single experimental parameter is varied at a time, the monitoring of an OoC/HoC system would benefit from the dynamic measurement of a large number of physiological variables and the adjustment and even dynamic control of a large number of experimental parameters [35] . Furthermore, binary live/dead assays common in several bioactivity strategies are insufficient to perform complex failure analyses in the integration of multiple artificial organs.
There are several measurable parameters well suited to existing sensor technology that can characterize the dynamic state of OoCs/HoCs (see Table II ), including optical imaging of fluorescence markers and reporters, electrochemical sensors for quantifying metabolites, fluorescence-or label-free assays to capture and quantify soluble factors, capillary electrophoresis, and mass spectrometry (MS). Each analytical method needs to be implemented with the appropriate frequency response, as well as small sensor volumes [36] . Given the small size of the OoCs/HoCs, one must address interferences between sensing modalities. Ideally, electrical and electrochemical sensors of interstitial parameters such as pH and glucose, lactate, and oxygen concentrations in microliter (see Fig. 3 , [37] - [40] ) and nanoliter bioreactors [41] - [43] would free up optical bandwidth for fluorescent measurement of intracellular fluorophores such as those for cytosolic calcium and surface or immunohistological markers of protein expression [33] , [44] , [45] . In recognition of the desire to use OoC/HoC systems for drug screening, it is inevitable that these systems will require capabilities in automated, high-content optical microscopy and image analysis that are far beyond standard high-throughput robotic well-plate screening.
Optical methods alone will be insufficient for OoC/HoC systems. In classical cell culture and tissue engineering, the presence of a specific protein or biomarker is determined by classical western blot and antibody-based enzyme-linked immunosorbent assay, but these targeted assays typically require many microliters or even milliliters of supernatant or cytosol. There is great promise for microfluidic implementations of these approaches that can work in nanoliter volumes [46] and quantify specific target molecules.
Untargeted identification of biomolecules in a cell culture or bioreactor typically involves one of many implementations of MS, but used alone, this technique is compromised by the fact that many biomolecules can have similar or identical mass/charge ratios (m/z). Historically, these issues are ad- dressed by separating first by gas chromatography (GC) or highperformance liquid chromatography (HPLC). However, GC requires derivatization of metabolites [47] and hence may not be well suited for an untargeted search. A single HPLC separation requires minutes to hours, and multiple separations may be required. We believe that ion mobility-mass spectrometry (IM-MS) is the best approach to study the effluent of these OoCs/HoCs [48] , [49] . In this approach, low-vacuum, gas-phase electrophoresis (IM) can measure molecular cross-sections in microseconds to milliseconds, followed by MS analysis in microseconds. The appeal of this approach is that high-sensitivity ionization techniques coupled to IM-MS can detect thousands of molecular species in a 100-nL sample (see Fig. 4 ). In contrast with HPLC-MS techniques, the IM-MS approach is nearly real time. The challenge is to apply this technique to analyze OoCs/HoCs without withdrawing volumes larger than a small fraction of the 5 mL and 5 μL volume budget for a mHu and μHu, respectively. A subset of this problem is to devise affinity or microdialysis techniques to remove the salts from the perfusion media without compromising sensitivity or temporal resolution, or exceeding the fluid-withdrawal budget [50] . The high levels of salts in biological media serve to attenuate overall signal response and must be removed rapidly prior to IM-MS analyses [50] . Obviously, given the ∼$1 million cost of an IM-MS instrument, they are best suited for a discovery approach wherein unexpected metabolites or side effects are examined in detail to ascertain the underlying pharmacokinetics and metabolomics. Discovering important molecules in such a search will benefit from advanced bioinformatics techniques [51] , [52] . IM-MS instruments are too expensive to be used to monitor every OoC/HoC in a large pharmacological study, but the data are exquisitely well suited for guiding the rapid translation of IM-MS discoveries from such untargeted searches into low-cost, low-volume, point-of-use assays that can track specific drug responses in an individual OoC/HoC. Because of the volume constraint, many existing assays are not suitable and new ones must be devised.
D. Maintaining and Controlling Coupled Organ Systems
The perfusion controller (PC) and microclincal analyzer (μCA) connections, sensors, instruments, and controls required for the single organ-chip cartridge in Fig. 2 might be implemented with existing pneumatic microfluidic pumps and valves [53] , but a cost analysis would suggest that the need for an array of computer-controlled solenoid valves for binary control of multiple microfluidic valves and three solenoid valves for a peristaltic pump, at between $50 and $100 per solenoid, and the confustication of pneumatic tubing between the organ and its controller would limit either the sophistication of the OoC/HoC system or the number that could be implemented. The system in Fig. 2 could be implemented with a new class of compact, low-cost, on-chip rotary planar peristaltic micropump and rotary planar valve [54] . The required capabilities of the μCA/PC in Fig. 2 are illustrated in Figs. 5 and 6 . valves and an on-chip peristaltic pump could provide the requisite PC functions in Fig. 2 . The valve configuration shown has perfusate from the arterial supply perfusing Organ N and then exiting into the venous return. Other configurations of the valve on the left are used for adding media to make up any that is removed for sampling or flushing, loading cells (with the effluent going to waste), accepting fluid from an upstream organ, local recirculation, infusing a drug, dye, or marker into the single organ, or adding deionized (DI) water to adjust osmolarity after evaporation of water out of the device. The valve on the right is for venous return (as configured), sending fluid to a downstream organ, waste, recirculations, the μCA, an external autosampler, or an online MS. A second PC might be required to prepare cells in any secondary spaces, for example, to establish a confluent alveolar epithelium in a lung. Fig. 6 . Conceptual drawing of how 1P-4 T and 4P-3 T valves and another on-chip peristaltic pump could provide the requisite μCA functions in Fig. 2 . The valve configuration shown would allow calibration of the electrochemical sensor array with one of three standard solutions (configuration shown) or sensor washing without affecting the organ. Other modes allow the organ effluent to bypass the washed sensor to minimize biofouling (Store), or the delivery of organ fluid to the calibrated electrochemical sensor array (Measure). In this design, all of the μCA output is sent to waste rather than to venous return.
Figs. 2 and 5 indicate that an organ may need to be connected to an upstream (N − 1) or downstream (N + 1) organ so that two organs can be connected in series, e.g., intestine or spleen with the liver by the portal vein, and the hypothalamus with the pituitary. The system in Fig. 5 does not show the secondary inputs and outputs to an organ, e.g., lung (bronchial tree), thymus and spleen (efferent lymphatic vessels), liver (bile duct), brain (CSF), and kidney (ureter). The interstitial space of organs could drain into a lymphatic system. Some secondary spaces may need independent initial or long-term perfusion control, as in a lung-on-a-chip where the alveolar endothelium is cultured under fluid flow prior to being exposed to air, and thereafter they are nourished by adjacent perfused, capillary endothelial cells [12] , [55] .
E. Controlling Coupled Organ Systems
It is naïve to assume that a collection of OoCs will exist in a stable equilibrium. Excess metabolic activity of one region without concomitant increases in oxygenation and nutrients and removal of carbon dioxide will lead to acidification and/or unwanted downstream effects. In living systems, homeostasis is maintained by a plethora of chemical, neural, and biomechanical signals. It would be reasonable to assume that such a complex, nonlinear system would oscillate, but not necessarily the way humans do. An OoC system will require an equivalent regulatory system. An appropriate control algorithm [56] should be able to stabilize the entire organ system, as long as there are sufficient sensors and the required actuators.
F. Vascularizing Organs With Appropriate Surface-to-Volume Ratios
Ultimately, the size of tissue-engineered 3-D organ replicates may be limited by vascularization. Typically, diffusive transport of nutrients and metabolites to and from metabolically active cells is effective for up to ∼100 to ∼300 μm, although diffusion can be effective to 2 mm [57] . To support the high metabolic activity of mammalian hearts, each myocyte (∼10 μm × ∼10 μm × ∼100 μm) in vivo is in direct contact with a microcapillary. In conventional planar tissue constructs with perfusion above a slab of cells, metabolically active cells at the base may become anoxic if the layer is thicker than ∼100 μm, (possibly alleviated by having flowing media above the cells), which is one reason that the confluent monolayer is a staple in laboratory cell culture. In large-scale tissue culture, this has been addressed by the use of hollow-fiber bioreactors [58] , which may prove useful in the development of HoCs such as the liver [13] . In polydimethylsiloxane (PDMS) microfluidic systems, longterm organotypic cultures can be stable as long as there is flow of media and the distances are short [59] . However, because of the difficulties in making and maintaining microfluidic channels whose dimensions are comparable to ∼7 μm diameter of actual capillaries, microfluidic devices typically utilize channels with as much as 50 times the cross-sectional area. Hence, it is at present difficult to fabricate macroscopic microfluidic perfusion networks with the appropriate surface-to-volume ratio and the vascular-to-tissue volume ratio, which in turn will ultimately affect the PKPD scaling of HoCs/OoCs systems. A promising solution to this problem is to enable perfusable microvascular networks to self-assemble within the HoC/OoC bioreactor. The spontaneous formation of endothelial tubes is well documented [60] - [62] , but the connection of them to an external perfusion system is a greater challenge. Recently, it has been shown that interstitial flow can guide the migration of endothelial cells into a fibrin-filled PDMS channel to create 50-150-μm-diameter and 100-1600-μm-long capillaries [63] and, more exciting, lead to the self-assembly of complete, patent 2-D microvascular networks [64] , [65] . This approach should have profound implications for the development of a number of different HoCs/OoCs.
G. Developing a Universal Blood Surrogate
The culture of primary human cells and the differentiation of stem-cell-derived ones is a developing art. Maintaining a dozen different cell types with a common universal media has yet to be done, but the isolation provided by a layer of endothelial cells between the tissue and the microvasculator may aid this goal [12] . If a funding program does not allow serum in the blood surrogate, transport proteins must be added, as well as large molecules to maintain osmolarity. Unless red blood cells, with a limited lifetime, are used, the scaling of blood velocity and capillary length and diameter may compromise OoC/HoC metabolism unless oxygen carriers such as perfluorocarbons or vesicular hemoglobin are used.
H. Missing Organs and the Adjustment of Blood Surrogate
As the OoC/HoC systems are brought on line, there will always be missing organs that either have yet to be implemented or are not desired for particular tests. It may be necessary, for example, to deliver insulin to an OoC/HoC system that has yet to integrate a pancreas, or to add distilled water to maintain osmolarity as water evaporates through the devices or is secreted in urine. This can be accomplished with a missing-organ microformulator that is comparable to smaller, proven microfluidic designs [66] . Such a device could also prove invaluable in the automated exploration of growth-factor cocktails for stem cell differentiation that may prove invaluable in human HoC/OoC systems. It may also be necessary to remove compounds that would otherwise be metabolized by missing organs.
I. Modeling Coupled Organ Systems
The Physiome project [67] is working to develop comprehensive, multiscale models of mammalian physiology. The OoC/HoC effort can learn much from this, but enjoys the extra degree of freedom of being able to adjust both the physical and computational models to optimize either experiments, computation, or both. The design of the instruments that maintain and control the OoCs/HoCs is in fact the design of active physiological components, which could clearly benefit from advanced multiphysics modeling [68] , [69] . An even greater opportunity would be to utilize a fully automated OoC/HoC system coupled to machine-learning algorithms [70] , [71] to automatically infer physiological or control models of the system. Such an approach may soon be applied to the optimal design of experiments to estimate pharmacokinetic compartments.
J. Characterization of Organ Health and Disease
In all likelihood, the OoC/HoC effort will develop models not only of healthy organs but diseased ones as well. Can we maintain cellular heterogeneity? Clearly, it may be relatively easy to make models of heart, liver, and kidney failure. It is reassuring that studies of a lung-on-a-chip were able to replicate by design the normal lung [12] and a diseased one [55] . That said, we will need to devise methods to determine the overall health of our mHu and μHu, and one might expect that this could parallel clinical diagnosis, which can be viewed as a probability-based decision tree [72] -hence the need for detailed physiological information about each OoC/HoC.
Given the fluid volume constraints, it could be nontrivial to devise means to fully evaluate the contractility of the heart, cardiac valves, and smooth and skeletal muscle, since one needs, for example, to control the preload and afterload of tissues while measuring the length and tension of the musculature [73] - [77] . However, it is important that highly instrumented OoCs/HoCs will provide information not available to the bedside diagnostician: detailed internal data, the possiblity of localized biochemical or mechanical challenges, and interpretation of the resulting changes in terms of a computational biology systems model. While a systems model of an entire human is a distant goal of the systems biology community, it seems reasonable that it may be easier to model the limited organ set of a simplified mHu and μHu than to model an entire person. Given the small size of organs and the small numbers of replicates in the early stages of this effort, it may also be necessary to develop noise-tolerant techniques for estimation of pharmacokinetic parameters for individual organ systems [78] .
K. Minimizing Organ Cost to Enable HCS
For OoC/HoC systems to become widely used in the pharmaceutical industry, the cost of these systems must be low enough for them to be purchased and used in very large quantities. The cell-culture chip will need to be low-cost and disposable. The control system in Fig. 2 , if dedicated to each chip, should also be inexpensive but not necessairly disposable. There are tradeoffs between size, reliability, and cost that can be readily optimized through manufacturing engineering while minimizing hardware overdesign. We envison a complete coupled HoC/OoC system consisting of a small number of long-life, capital-intensive components (computers, sensor electronics, and microscopes), a number of subsystems that can be reused a specified number of times (pumps, valves, chip-scale imagers, sensors, microcontrollers, mounting hardware, etc.), and a large number of single-use, disposable, sterilizable organ chips that are readily replaced after several weeks of cell culture.
L. Determining the Required Accuracy of Organ Systems
Just as systems biology needs to be aware of the risks of striving for totally realistic models of biology, the OoC community needs to be conscious of the risks of attempting to create a perfectly realistic milli-or micromodel of a human. This is placed in perspective by a fictional account of ancient cartography [79] :
From In the same vein, one recognizes that "the best model for a cat is another, or preferably the same cat" [80] . A mHu or μHu will never be a perfect model of a human. The issue is how does one abstract the complexity of biology to obtain a meaningful model that will be useful for studying the properties of the entire system [7] . Paraphrasing Albert Einstein, one should make one's OoCs systems simple enough, but not too simple.
III. CONCLUSION
We present a daunting list of challenges that confront the human OoC efforts, but we do so with the conviction that each of these challenges can be met by the engineering and biology community. Given the breadth and magnitude of the funding by the FDA, DARPA, NIH, and DTRA, and the caliber of the investigators working in this area, we anticipate that each of these limitations can be addressed successfully in a timely manner. The community is eager to uncover and resolve as yet unrecognized challenges-this is the heart of engineering and the physical sciences. We expect that the OoC/HoC effort will lead to exciting new advances in drug discovery, identification of the effects of emerging and maliciously engineered pathogens, and fundamental advances in the study of pharmaceutical modes of action, organ-organ interactions, physiological regulation, and systems biology.
